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ABSTRACT 
 
The surface of insect cuticle is often modified to form various unique structures such as 
setae, microtrichia, nanopillars, sculpticells, or gratings. The adaptive roles of these cuticular 
architectures have become a recent area of interest, notably to serve as inspiration for the 
creation of novel materials because they result in desirable functionalities such as anti-wetting, 
anti-reflective, and self-cleaning properties. The unique structures found on fly wings and beetle 
elytra and tergites and their effects on physical properties are investigated here. 
Flies (Diptera) often have wings covered in microtrichia – hair-like structures – that 
might create surface roughness that effects wettability. Roughened hydrophobic surfaces can 
become superhydrophobic, allowing water to easily be shed from the wings. Surface features of 
wings of flies from the families Apioceridae, Culicidae, Muscidae, Mydidae, Sarcophagidae, and 
Syrphidae were characterized with scanning electron microscopy (SEM). Goniometry was used 
to determine their wettability. SEM and goniometry revealed that there is a relationship between 
fly wing structures and wetting – those with hierarchies of nano- and microscale structures are 
able to achieve superhydrophobicity. 
Diffraction gratings, regular slits, grooves, or other structures with nano- or microscale 
spacing, have long been known to create iridescent beetle elytra or abdominal tergites. Beetles 
and other organisms with diffraction-grating induced iridescence tend to inhabit similar moist 
microhabitats and share burrowing behaviors. It has been hypothesized that these gratings effect 
friction and allow beetles to more easily move through substrates and that iridescence is a 
byproduct of this friction-reducing mechanism. Visual, water-shedding, and friction-reducing 
roles of this iridescence were examined in carabid, staphylinid, and scarab beetles. No 
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differences were found in the ability to match the color of various substrates or to linearly 
polarize light between iridescent and noniridescent beetles. The ability for diffraction gratings to 
modify cuticle wettability varied among species and related to surface roughness that resulted 
from the gratings. Tribological measurements found that the presence or absence of diffraction 
gratings modifies friction in some beetles. The effect of diffraction gratings on friction 
interactions involves a tradeoff between increased friction and decreased wettability created by 
surface roughness resulting from diffraction gratings. 
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CHAPTER 1: SUPERHYDROPHOBICITY OF DIPTERAN WINGS CAUSED BY 
HIERARCHICAL MICRO- AND NANOSCALE FEATURES 
 
1.1. Introduction 
The wettability of natural surfaces has been the subject of both biological and engineering 
studies to gain inspiration for the design of novel materials with specific wetting properties (Hu 
et al. 2011, Byun et al. 2009).  Naturally superhydrophobic materials (materials with a contact 
angle (CA) between the surface and a water droplet that is greater than or equal to 150°) tend to 
have surfaces patterned with micro- and nanoscale hierarchical structures (Polet et al. 2015, Hu 
et al. 2011, Byun et al. 2009). Surfaces that are roughened by arrays of structures can become 
superhydrophobic by suspending water droplets in the Cassie-Baxter state in which air pockets 
between features and under droplets keep the surface from becoming completely wetted (Figure 
1.1, Hu et al. 2011, Byun et al. 2009, Martines et al. 2005, Cassie and Baxter 1944). Droplets in 
the Cassie-Baxter state can easily roll off of surfaces, allowing for phenomena such as self-
cleaning (Martines et al. 2005), which is advantageous for organisms regularly exposed to 
moisture or contamination. 
 Adult winged dipterans encounter moisture in a variety of habitats (Table 1.1) including 
carrion, decaying plant matter, on water, or while taking a blood meal (Coelho et al. 2016, Barin 
et al. 2010, Sukontason et al. 2004, Allan and Kline 1998). Not all flies are associated with damp 
substrates - some feed from plants, especially flowers (Tepedino et al. 2011, Metz and 
Thompson 2001), and others inhabit dry regions, such as deserts (Cloudsley-Thompson 1991, 
Cazier 1941). Superhydrophobic wings might play an adaptive role in those flies associated with 
moist substrates by preventing wetting. A comparative study of the wettability of insect wings 
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reported that the wings of dipterans (Tabanidae, Syrphidae, Muscidae, and Tipulidae) are not 
superhydrophobic, with CAs ranging from hydrophilic (83.3°) to hydrophobic (130°) (Wagner et 
al. 1996). The authors suggested that self-cleaning and anti-wetting are not advantageous for 
dipterans, which are small enough to manually clean their wings (ibid.).  However, recent studies 
have found that some horse flies (Tabanidae), crane flies (Tipulidae), and march flies 
(Bibionidae) have wings that exhibit superhydrophobicity (CAs of 156°, 170°, and 150°, 
respectively) (Polet et al. 2015, Hu et al. 2011, Byun et al. 2009). Superhydrophobicity of the 
dipteran wing surface is attributed to microscale hair-like microtrichia with nanoscale features 
such as grooves or ridges (Polet et al. 2015, Hu et al. 2011, Byun et al. 2009).  I hypothesized 
that previously unexamined species of flies that are regularly exposed to moisture will have 
superhydrophobic wing surfaces, and that this superhydrophobicity can be attributed to 
microtrichia with nanofeatures as described in previous studies. 
 
1.2. Materials and Methods 
1.2.1 Samples 
Individuals of Musca domestica L. (Muscidae), Sarcophaga bullata (Parker, 1916) 
(Sarcophagidae), and Aedes aegypti L. (Culicidae) were obtained from colonies on the 
University of Illinois at Urbana-Champaign (UIUC) campus. Mydas sp. (Fabricius, 1794) 
(Mydidae) and Apiocera aldrichi (Painter, 1936) (Apioceridae) were ordered from BioQuip 
Products, Inc. Toxomerus politus (Say, 1823) (Syrphidae) were collected in a residential area in 
Urbana, IL. Flies from UIUC colonies were obtained live, while collected and Bioquip flies were 
dried samples. Additional dried and pinned individuals of M. domestica and S. bullata were 
obtained from the Insect Collection of the Illinois Natural History Survey at UIUC. All flies were 
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stored at -20° C. To approximate insect size, one individual of each species was placed in a 
desiccator for 24 h, then massed to determine dry weight. Wing length was also measured on one 
individual of each species (Table 1.1). 
1.2.2 Goniometry 
Both wings were removed from each fly and placed onto conductive carbon tape on a glass slide. 
The right wing was placed with the dorsal surface facing upwards and the left wing was placed 
with the ventral surface exposed. Droplets were dispensed at 70 Hz onto wings for contact angle 
measurements using a KYOWA Automatic Microscopic Contact Angle Meter MCA-3 
goniometer (Kyowa Interface Science Co. Ltd) at the Energy Transport Research Lab at UIUC. 
Droplets were dispensed for 60 s (droplet sizes ranged from 100 to 520 µm in diameter as the 
droplets grew) to calculate the advancing CA and then the droplet was allowed to evaporate for 
60 s to calculate the receding CA. Contact angles were calculated using FAMAS (InterFAce 
Measurement & Analysis System) version 3.5.14 (Kyowa Interface Science Co. Ltd) software 
with the half-angle fit method. CAs were measured at three locations on both the dorsal and 
ventral surfaces for each individual (one measurement per location per individual) (Figure 1.2). 
CAs were measured on the wings of 10 individuals of Ae. aegypti, M. domestica, and S. bullata 
and 5 individuals of T. politus, Mydas sp., and Ap. aldrichi. 
 Resulting CAs were plotted to determine the advancing and receding CAs (the CA while 
the water droplet was growing (advancing) or evaporating (receding)) for each location. T-tests 
(α = 0.05) were conducted in JMP® Pro 14.2.0 (SAS Institute Inc.) for each species to determine 
if advancing and receding CAs differed. Oneway Analysis of Variance (ANOVA) (α = 0.05) and 
Tukey-Kramer HSD were performed in JMP® 14.2.0 (SAS Institute Inc.) to determine if CAs 
(pooled advancing and receding CAs) differed between species. 
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 Goniometry was also used to determine if CAs differed between dried and fresh samples. 
CAs on wings from dried and pinned individuals of M. domestica (n = 3) and S. bullata (n = 3) 
were measured using the goniometry method described above. T-tests (Two Sample Assuming 
Unequal Variances) were conducted on receding and advancing CAs from dry and pinned 
samples for each species using Microsoft Excel 2010. 
1.2.3 Scanning electron microscopy (SEM) and surface feature measurements 
Fly wings were prepared for SEM by placing one wing from each species on carbon conductive 
tape on aluminum SEM stubs. Wings were then sputtercoated with a 7 nm layer of gold-
palladium (Au-Pd) with a Denton Desk II TSC turbo-pumped sputtercoater (Denton Vacuum, 
Inc.) in the Microscopy Suite, Imaging Technology Group, Beckman Institute for Advanced 
Science and Technology, UIUC. The surfaces of the wings were imaged at 1000X, 5000X, and 
30,000X magnification using the Microscopy Suite’s FEI Quanta FEG 450 environmental 
scanning electron microscope (ESEM) (Thermo Fisher Scientific) at 5.00 kV. 
 The height and width of microtrichia, the width of nanopillars, the width of nanoridges on 
microtrichia, and the number of microtrichia or nanopillars per µm
2
 (microtrichia or nanopillar 
density) were measured from SEM images for each species using ImageJ version 1.51j8 software 
(Schneider et al. 2012). Sizes from three structures, subsampled from a single SEM image, were 
averaged for each measurement. Aspect ratios of microtrichia, when present, were calculated by 
dividing the length of microtrichia by the width. 
 
1.3. Results 
Goniometry revealed that wings from all species had advancing CAs that were hydrophobic (CA 
≥ 90°), and that some species had advancing CAs that indicated superhydrophobicity (CA ≥ 
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150°) (Table 1.2, Figure 1.3). T-tests showed that advancing and receding CAs did not differ for 
any species (Ae. aegypti: P = 0.133, t = -1.515, df = 109.085; Mydas sp.: P = 0.171, t = -1.386, df 
= 57.275; Ap. aldrichi: P = 0.249, t = -1.165, df = 57.970; T. politus: P = 0.704, t = -0.382, df = 
57.807; M. domestica: P = 0.440, t = -0.774, df = 116.939; S. bullata: P = 0.188, t = -1.325, df = 
117.963) ANOVA found that flies differed in CAs (P < 0.0001, F = 191.982, df = 5); Tukey-
Kramer HSD revealed that Ae. aegypti, M. domestica, and S. bullata had wings with 
superhydrophobic advancing CAs and wings that were overall more hydrophobic than the wings 
of Ap. aldrichi and Mydas sp. Toxomerus politus wings had CAs that were less than 150°, but 
these CAs that did not differ from those with superhydrophobic wings. Additionally, these less 
wettable species had low CA hysteresis (advancing and receding CAs differed by less than 2.5°). 
The wings of Ap. aldrichi were less hydrophobic than Ae. aegypti, M. domestica, S. bullata, and 
T. politus. Mydas sp. wings exhibited lower CAs than all other flies, with an average receding 
CA of less than 90°.  Additionally, CAs did not differ between fresh and dried samples of M. 
domestica (advancing CAs: P = 0.692, t = 0.404, df = 15; receding CAs: P = 0.624, t = 0.500, df 
= 15) or S. bullata (advancing CAs: P = 0.153, t = -1.502, df = 16; receding CAs: P = 0.419, t = -
0.830, df = 15).  
 Scanning electron micrographs revealed that fly wings can exhibit microtrichia, 
nanopillars, both microtrichia and nanopillars, or a lack of wing structuring (Figure 1.4). The 
microtrichia also have nanoscale ridge-like features i.e. have hierarchical structuring. Flies with 
higher CAs (Ae. aegypti, T. politus, M. domestica, and S. bullata) had both microtrichia and 
sparse nanopillars on their wings (Figure 1.5). Apiocera aldrichi lacked microtrichia but had 
densely packed nanopillars on the wing surface. Mydas sp. wings had no microtrichia or 
nanopillars; however, low aspect ratio microgrooves were observed. 
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For all species with microtrichia, microtrichia size ranged from 7 to 26 µm in length and 
300 to 900 nm in width (Table 1.3). Microtrichia had high aspect ratios: 24.01 for Ae. aegypti, 
23.31 for T. politus, 18.98 for M. domestica, and 28.47 for S. bullata. Microtrichial ridges were 
115 to 375 nm wide. When present, nanopillars had diameters of 60 to 200 nm. Most nanopillars, 
with the exception of those of Ap. aldrichi, had low apparent aspect ratios and were not densely 
packed. Apiocera aldrichi had 31 nanopillars per µm
2
, while other flies had four to seven 
nanopillars per µm
2
. Microtrichia density varied from 0.002 to 0.025 microtrichia per µm
2
 and 
had an inverse relationship with microtrichia length (R
2
 = 0.8535) and width (R
2
 = 0.8511) 
(Figure 1.6) There was no relationship between microtrichia or nanopillar size and contact angle 
(Figure 1.7). 
 
1.4. Discussion 
Nanopillars have been reported on the wings of other insects such as cicadas (Oh et al. 2017) and 
dragonflies (Mainwaring et al. 2016), but not in Diptera. Nanopillars on insect wings can induce 
superhydrophobicity without accompanying microtrichia or other structures (Oh et al. 2017, 
Mainwaring et al. 2016). However, Ap. aldrichi, the only dipteran in this study with nanopillars 
but no microtrichia, did not have a wing surface that was superhydrophobic. Additionally, when 
combined with microtrichia to create a superhydrophobic surface, nanopillars did not exhibit the 
uniform shape or arrangement seen in cicadas (Oh et al. 2017). The variation of micro- and 
nanostructuring observed on the wings of these flies indicates that combining features of 
different scales might play an important role in creating hydrophobic or superhydrophobic wing 
surfaces in Diptera. Additionally, the microtrichia themselves have high aspect ratios that greatly 
exceed aspect ratios required to induce a superhydrophobic Cassie-Baxter state (Murakami et al. 
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2014, Martines et al. 2005). The low CA hysteresis exhibited by flies with this structural 
hierarchy indicates a stable superhydrophobic state (Yan et al. 2011). This supports the general 
trend that natural superhydrophobic surfaces tend to have structures at both the micro- and 
nanoscale (Polet et al. 2015, Hu et al. 2011, Byun et al. 2009). My results also agree with recent 
studies that have found superhydrophobic fly wings with microtrichia, supporting that fly wings 
do exhibit superhydrophobicity (ibid.).  
 The presence or absence of micro- or nanostructures on the wing is related to its 
wettability: flies lacking microtrichia or nanopillars (i.e. Mydas sp.) exhibited lower CAs than 
those with wing structures. The absence of wing structures in these flies might be caused by a 
lack of selective pressure to prevent wetting (these flies are commonly found in deserts; 
Cloudsley-Thompson 1991). Additionally, the closely related Ap. aldrichi had a lower CA than 
all flies with the exception of Mydas sp. Apiocera aldrichi also lacks microtrichia and is found in 
arid environments (Cazier 1941). This shared lack of microtrichia could represent a secondary 
loss in this group of flies due to the unique selective pressures of dry environments; however, 
additional research would need to be conducted to support this hypothesis. The wings of termites 
show a similar relationship between wettability, surface structuring, and habitat. The wings of 
termite species that fly during rainfall events have a hierarchy of structures, ridged hair-like 
macrotrichia and smaller microcasters, that result in a superhydrophobic surface; termites that 
are not exposed to rain have hydrophilic wings with low-aspect ratio nanopillars (Watson et al. 
2011). 
 Microscale fiber-like structures with nanofeatures, such as the microtrichia found on the 
wings of flies, can successfully create midrange superhydrophobic surfaces (CA ~150°), 
especially when combined with other nanostructures, such as nanopillars. The features of fly 
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wings could serve as a source of bioinspiration for future engineered anti-wetting surfaces with 
fiber-like roughness. Additionally, the wings of flies can be transparent, antireflective, and 
iridescent, thus fly wings might inspire multifunctional engineered materials that encompass a 
number of these attributes. The wettability, surface chemistry, and micro- and nanostructuring of 
wings of additional flies should be examined due to the variability of structures and wetting 
properties observed throughout the order and to better understand the requirements and 
constraints for novel bioinspired materials. 
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CHAPTER 2: THE ROLE OF CUTICULAR DIFFRACTION GRATINGS IN BEETLE 
IRIDSCENCE, WETTING, AND FRICTION INTERACTIONS
1
 
 
2.1. Introduction 
Beetles (Coleoptera) comprise a large and diverse group, with over 350,000 formally described 
species (Seago et al. 2009). Iridescence is widespread in this insect order, occurring in at least 15 
families (Seago et al. 2009, Hinton 1973, Hinton and Gibbs 1971, Hinton 1969, Hinton and 
Gibbs 1969a, Hinton and Gibbs 1969b, Anderson and Richards 1942). This structural iridescence 
can arise from three differing mechanisms: multilayer reflectors, three-dimensional photonic 
crystals, and diffraction gratings (Seago et al. 2009). Multilayer reflectors, the most understood 
and widespread form of iridescence, consist of parallel layers of chitin with different refractive 
indices that produce color by constructive interference. Multilayer reflectors produce apparent 
color that changes with the viewing angle, creating the metallic effect seen in many jewel 
(Buprestidae) and tiger (Carabidae: Cicindelinae) beetles. Three-dimensional photonic crystals 
can create opalescent iridescence in the scales of some weevils (Curculionidae). Nanoscale 
spheres, or photonic crystals, are packed in varying ordered lattices to produce iridescent color. 
Diffraction gratings consist of parallel, repeated structures such as ridges, tabs, or grooves that 
diffract white light, creating a rainbow of its constituent wavelengths. 
 Diffraction gratings were first identified in Coleoptera in the early 1940’s (Anderson and 
Richards 1942) and were described in six families in the late 1960’s and early 1970’s (Hinton 
1973, Hinton and Gibbs 1971, Hinton 1969, Hinton and Gibbs 1969a, Hinton and Gibbs 1969b). 
Diffraction gratings have more recently been described in an additional five families in the 
                                                 
1
 The research for this chapter was completed in collaboration with Lihua Wei, Master’s student, Department of 
Mechanical Engineering, University of Illinois at Urbana-Champaign 
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Polyphaga (Seago et al. 2009). These gratings can arise from the surface sculpturing of the 
cuticle or of setae; parallel ridges, protrusions, and elongated sculpticells often form diffraction 
gratings in beetles (Seago et al. 2009, Hinton 1969, Hinton and Gibbs 1969a, Hinton and Gibbs 
1969b). The diffraction of light by these regular structures always produces iridescent colors that 
occur in “rainbow order”; the appearance of a full spectrum distinguishes diffraction-grating 
induced iridescence from iridescence arising from other mechanisms (Seago et al. 2009). 
Diffraction gratings do not only create iridescence in the insect world; this phenomenon has been 
described in the indigo snake, Drymarchon couperi (Colubridae) (Monroe and Monroe 1968), 
fossorial uropeltid snakes (Gans and Baic 1977), and the black-lip pearl oyster, Pinctada 
margaritifera (Pteriidae) (Liu et al. 1999), among others. 
 The common and widespread occurrence of iridescence has led to the formation of many 
hypotheses suggesting its potential adaptive role. Iridescence arising from multilayer reflectors is 
thought to perform a visual function, such as generating aposematic or cryptic colorations (Seago 
et al. 2009). Three-dimensional photonic crystals are also implicated in camouflaging beetles 
amongst foliage (ibid.). Hinton and Gibbs (1969b) suggested that diffraction-grating induced 
iridescence plays a visual role, such as forming warning coloration, as seen with iridescence that 
arises from multilayer reflectors and photonic crystals. However, beetles with diffraction 
gratings are often not exposed to the direct light needed to exploit this form of iridescence – 
these beetles tend to be found in damp, sticky, or particulate substrates, such as wetted soil or 
fungi (Seago et al. 2009). In the Carabidae, diffraction gratings are present on beetles dwelling in 
damp microhabitats, but those in dryer environments lack this microsculpturing (Ball 1985, 
Erwin 1979). This correlation between habitat and the presence or absence of diffraction gratings 
has led to the hypothesis that diffraction gratings act to repel water or reduce friction to aid in 
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movement through these substrates (Seago et al. 2009, Gans and Baic 1977).  Blazed gratings 
(gratings with regularly angled periodic structures) are found in beetles with burrowing 
behaviors (Crowson 1981) and might assist in the wedge-pushing behaviors of carabids (Seago 
et al. 2009). Similar large-scale blazed gratings have also been described in burrowing 
crustaceans (Schmalfuss 1978). 
 Gans and Baic (1977) explored the hypothesis that diffraction gratings on burrowing 
organisms act to reduce friction by examining the wettability of iridescent uropeltid snake skin. 
They concluded that, because the surface of the skin is not easily wetted, the diffraction grating 
acts as a dirt-shedding mechanism that reduces the friction coefficient between the snake and the 
soil through which it moves. However, the authors provided little empirical evidence to support 
this claim. Hydrophobicity of the skin was determined by observing that droplets do not spread 
and form sharp edges, suggesting a contact angle of 90° or greater, while friction effects were not 
tested. A hydrophobic surface alone might not be sufficient to allow for the self-cleaning 
described by Gans and Baic; generally self-cleaning mechanisms require a superhydrophobic 
surface (contact angle ≥ 150°) (Blossey 2003). These limitations prompted this reexamination of 
this hypothesis with different methodologies. 
 I examined beetles with diffraction-grating induced iridescence in the families Carabidae, 
Scarabaeidae, and Staphylinidae that are found in leaf litter, damp meadows, soil, and decaying 
organic matter and fungi (Arnett et al. 2002, Arnett and Thomas 2000, Hoffman 1936, Louisiana 
State Arthropod Museum), as well as closely related beetles lacking iridescence (Figure 2.1). I 
first characterized the surface architecture and quantified iridescence for each species, then tested 
the hypothesis that diffraction grating structures modify friction interactions in a way that is 
advantageous for organisms moving through dense or wet substrates. 
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2.2. Materials and Methods 
2.2.1 Sample preparation 
Beetle samples were obtained from the Illinois Natural History Survey (INHS) Insect Collection 
at the University of Illinois at Urbana-Champaign (UIUC). I identified species in the 
Scarabaeidae, Carabidae, and Staphylinidae, groups known to have members with diffraction 
gratings, with diffraction-grating induced iridescence by exposing beetles to direct light. Beetles 
that reflected the full color spectrum were selected as candidates for having diffraction gratings. I 
then selected closely related beetles, in the same genus when possible, that did not exhibit full 
spectral iridescence to form phylogenetically independent contrasting pairs for comparison. The 
species chosen to form pairs were Serica sericea (Illiger, 1802) (iridescent) and Serica 
campestris  (Dawson, 1919) (Scarabaeidae), Phyllophaga rorulenta (Burmeister, 1855) 
(iridescent) and Phyllophaga pronunculina (Burmeister, 1855 ) (Scarabaeidae), Selenophorus 
opalinus (iridescent) and Selenophorus ellipticus (Carabidae), Stenolophus anceps (LeConte, 
1857) (iridescent) and Stenolophus comma (Fabricius) (Carabidae), and Philonthus cyanipennis 
(Fabricius)(iridescent) and Cafius canescens (Mäklin, 1852) (Staphylinidae). 
2.2.2 Imaging 
2.2.2.1 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to confirm the presence or absence of diffracting 
structures on the selected beetles. Beetles were mounted on aluminum SEM stubs with carbon 
SEM tape and were sputtercoated with 7 nm of Au/Pd with a Denton Desk II TSC turbo-pumped 
sputtercoater (Denton Vacuum) at the Microscopy Suite, Imaging Technology Group, Beckman 
Institute for Advanced Science and Technology, UIUC. The dorsal surface of each beetle was 
imaged at 1000X and 5000X magnification with a FEI Quanta FEG 450 Environmental SEM 
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(ThermoFisher Scientific) at 5.00 or 10.00 kV at the Beckman Institute’s Microscopy Suite. 
Additionally, Serica and Selenophorus beetles were imaged in cross-section at various 
magnifications. Cross-sections were created by freezing elytra from each species in liquid 
nitrogen, then fracturing the elytra along the body axis using a scalpel. After imaging, the 
distances between repeated structures were measured using ImageJ version 1.51j8 software 
(Schneider et al. 2012) by subsampling six structures from one image for each species. A t-Test 
(α = 0.05) was conducted to determine differences in structure spacing between iridescent and 
noniridescent beetles in Microsoft Excel 2010. 
2.2.2.2 Photomicroscopy 
After SEM was used to confirm the presence or absence of diffracting structures on the chosen 
beetles, each species was imaged with photomicroscopy using a Canon EOS 5D Mark II DSLR 
camera with a Canon MP-E 65 mm lens (Canon U.S.A., Inc.) (Figure 2.2) at the INHS Insect 
Collection at UIUC. Images were focus stacked using Zerene Stacker software (Zerene Systems 
LLC). 
2.2.3 Goniometry 
The wettability of beetle elytra or tergites was measured using a KYOWA Automatic 
Microscopic Contact Angle Meter MCA-3 microgoniometer (Kyowa Interface Science Co. Ltd) 
at the Energy Transport Research Lab at UIUC. FAMAS (InterFAce Measurement & Analysis 
System) version 3.5.14 (Kyowa Interface Science Co. Ltd) software was used to record and 
process the contact angle (CA) data. Three droplets were placed from anterior to posterior on the 
elytra or tergites of each individual (n = 3 per species) of Serica, Selenophorus, Stenolophus, and 
Philonthus/Cafius pairs. Six droplets were dispensed along the elytra of the Phyllophaga pair (n 
= 3 individuals per species). Advancing and receding CAs were recorded for each droplet. 
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Droplets were dispensed for 60 s at 70 Hz to determine the advancing CA, resulting in droplet 
sizes that ranged from 100 to 520 µm in diameter, then the droplets were allowed to evaporate 
for 60 s to determine the receding CA. Images were taken every second to calculate CAs. 
Advancing CAs were the highest CAs that occurred while the droplets advanced. Receding CAs 
were found by taking the CA when the base of the droplet receded (droplet base diameter 
decreased) during evaporation. Single-factor ANOVA (Analysis of Variance) (α = 0.05) tests 
were done in Microsoft Excel to determine if CA differed between beetles with diffraction 
gratings and those without. ANOVAs were performed between all iridescent and non-iridescent 
beetles and for each pair separately. 
2.2.4 Quantification of optical properties 
2.2.4.1 Beetle color on natural substrates 
To rule out potential visual functions of diffraction gratings, I examined the color of the cuticle 
under direct lighting. Each species was photographed on three natural backgrounds: green 
foliage, leaf litter, and tree bark (collected from Champaign, IL). These backgrounds were 
chosen as they are representative of the microhabitats of beetles with diffraction-grating induced 
iridescence. A pinned beetle was placed on a background illuminated with a microscope light 
(Model 365, American Optical Company) and was photographed with a Nikon D3300 digital 
camera with a AF-S DX NIKKOR 18-55mm f/3.5-5.6G VR II lens (Nikon Inc.). Lighting 
conditions were consistent between all species and backgrounds to limit color difference 
artifacts. 
Each image was cropped using Microsoft Paint (Microsoft Corporation) into two parts: 
one image containing only the background (i.e. foliage, leaf litter, or tree bark) and the other the 
iridescent part of the beetle (Figure 2.3). Each cropped image was opened in MATLAB® 
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R2018b (The MathWorks, Inc.) to quantify the overall color of the images using a program 
written by Lihua Wei. (MATLAB® was used to quantify color by Mendoza et al. (2006)). Color 
was reported as average R, G, and B values, which were averaged from the individual R, G, and 
B values of each pixel of the image. 
To quantify how similar a beetle’s color was to its background, the percent difference 
(difference between two values divided by the average of the values) in R, G, and B values 
between a background and each beetle on that background were individually calculated. T-tests 
(two-sample assuming unequal variances, α = 0.05) were run between iridescent and non-
iridescent beetle R, G, and B value percent differences on each background individually (9 total 
t-tests) in Microsoft Excel 2010.  
2.2.4.2 Iridescence 
To determine if there were differences in iridescence between species, I quantified the shift in 
peak wavelength of reflected light for each beetle (n = 1 per species) at the Biosensors Lab at 
UIUC. Each beetle was placed onto a Thorlabs motorized rotating stage (Figure 2.4). The stage 
and beetle were illuminated by a Thorlabs OSL1 Fiber Illuminator halogen light source. An 
Ocean Optics HR4000 spectrometer was used to quantify the intensity of reflected light at each 
wavelength. To normalize each sample for background reflectance, the intensity from just the 
stage itself was measured as a control. The reflected light intensity of each beetle was quantified 
at 5 degree increments from 0 to 40 degrees. The stage was rotated using the Thorlabs APT 
motor controller software. OceanView software (version 1.6.7) was used to capture the 
spectrometer data using an integration time of 1 s and five scans to determine the average 
reflected intensities at each angle. 
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2.2.4.3 Linear polarization 
Beetles (n = 1 per species) were imaged using a FLIR Systems polarized camera (model BFS-
U3-51S5P-C) with a focal ratio of 8 at the Biosensors Lab at UIUC. The data generated by the 
camera was processed with custom MATLAB® (The MathWorks, Inc.) code to generate images 
that displayed the degree of linear polarization (DoLP) and angle of polarization (AoP) of light 
reflected from the beetle’s surface. 
2.2.5 Quantification of friction effects 
A pin-on-disk tribometer setup that uses a piezoelectric stage to apply normal force, a flexural 
transducer (49.14 N/m normal and 66.16 N/m lateral stiffness) to determine normal and frictional 
forces from flexure deflection, and two Lion Precision Capacitive Probe (C6-E, Lion Precision, 
Oakdale, MN) sensors (0.2 V/µm sensitivity and 3.66 nm RMS resolution) to measure tip 
deflection were used to measure friction coefficients of beetles sliding against fibrous 
countersurfaces at the Materials Tribology Laboratory at UIUC. Dry and wetted filter papers 
were used as countersurfaces to represent natural fibrous materials, such as leaves and leaf litter, 
that the beetles might come into contact with in their natural habitats. Filter papers were wetted 
by depositing approximately 2 mL of water using a spray bottle. Water was reapplied every 10 
minutes to account for evaporation. A normal force of 1 mN was applied for each experimental 
cycle. Beetle elytra or tergites were slid at 2, 5, and 8 mm/s. Three trials were conducted at each 
speed for each countersurface (n = 3 individuals per speed). Friction and normal force data were 
acquired at a frequency of 200 Hz during trials. Data was processed in MATLAB® (The 
MathWorks, Inc.) using a code that removed data where the sample was not in contact with the 
countersurface and smoothed data by averaging each datum point with four data points on either 
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side of it. The friction coefficient was then calculated as the slope of normal force plotted against 
friction force. All friction experiments were conducted by Lihua Wei. 
 
2.3. Results 
2.3.1 Scanning Electron Microscopy 
SEM revealed that all beetles had surface sculpturing of the cuticle (Figure 2.5). The presence of 
diffraction grating-like structures was confirmed on all iridescent beetles. Beetles with 
iridescence had periodic structures with average spacing of 0.5 to 4.5 μm, while beetles without 
iridescence had structures with larger or more irregular periodicity (Table 2.1), with the 
exception of the Phyllophaga pair; the iridescent Phy. rorulenta had greater distance between 
repeated structures than the noniridescent Phy. pronunculina. The t-Test confirmed that beetles 
with diffraction gratings have structures more closely spaced than those without iridescence (P 
(one-tail) = 0.002, t = -3.024, df = 58). In the scarab beetles, iridescent species had regularly 
spaced high-aspect ratio protrusions, while non-iridescent scarabs had fewer, smaller, and more 
irregular protrusions (Figures 2.5A-D, 2.6A). Iridescent beetles in the Carabidae and 
Staphylinidae exhibited regularly spaced grooves or striations, with closely spaced grooves 
forming the diffracting structure (Figures 2.5E, 2.5G, 2.5I, 2.6E). Carabid or staphylinid beetles 
that were not iridescent had hexagonal shapes across the cuticle surface (Figures 2.5F, 2.5H, 
2.5J, 2.6G). Imaging of elytral cross sections revealed high aspect ratio protrusions on the 
surface of Ser. sericea and a blazed grating (angled plateaus between grooves) on Sel. opalinus 
(Figure 2.6). In contrast, the surface sculpturing on the noniridescent Ser. campestris and Sel. 
ellipticus had low aspect ratios. 
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2.3.2 Goniometry 
For carabid and staphylinid beetles, species lacking a diffraction grating exhibited greater (more 
hydrophobic) average CAs than those with diffraction gratings. Scarab beetles with diffraction 
gratings, however, had greater average CAs than those without diffraction gratings (Table 2.2). 
The average CAs (average between advancing and receding CAs) for each species were: 86.58° 
for Phy. pronunculina, 104.53° for Phy. rorulenta, 96.49° for Ser. campestris, 110.34° for Ser. 
sericea, 88.900° for Sel. ellipticus, 82.31° for Sel. opalinus, 91.21° for St. anceps, 95.861° for St. 
comma, 101.01° for C. canescens, and 68.36° for Phi. cyanipennis. 
There was no difference in advancing or receding CAs between all beetle species with 
diffraction gratings and those without (advancing: P = 0.729, F = 0.121, df = 1; receding: P = 
0.893, F = 0.018, df = 1). Iridescent Phy. rorulenta had greater receding CAs than the 
noniridescent Phy. pronunculina (P = 0.026, F = 5.440, df = 1), but no differences were found 
between advancing CAs (P = 0.056, F = 3.926, df = 1). The iridescent Ser. sericea had greater 
advancing CAs than the noniridescent Ser. campestris (P = 0.015, F = 7.376, df = 1), but no 
significant differences were found between receding CAs (P = 0.085, F = 3.365, df = 1). No 
significant differences were found between CAs of the Selenophorus (advancing: P = 0.349, F = 
0.931, df = 1; receding: P = 0.360, F = 0.889, df = 1) or Stenolophus (advancing: P = 0.487, F = 
0.505, df = 1; receding: P = 0.420, F = 0.684, df = 1) beetle pairs. Both advancing and receding 
CAs were greater on C. canescens tergites than Phi. cyanipennis (advancing: P = 0.007, F = 
9.763, df = 1; receding: P = 0.001, F = 15.470, df = 1).  
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2.3.3 Quantification of optical properties 
2.3.3.1 Beetle color on natural substrates  
Average R, G, and B values from all beetle species were similar on each background: R values 
ranged from 25 to 195, G values from 6 to 76, and B values from 3 to 80. R values were the 
greatest on average, followed by G and then B values. All beetle R, G, and B values represented 
brown colors. R, G, and B values indicated a dull green for foliage, brown-orange for leaf litter, 
and cool brown for tree bark. 
 Iridescent and noniridescent beetles differed only in R-value on foliage (P = 0.017, t = -
2.468, df = 10). Beetles with diffraction gratings had R-values that were more similar to those of 
foliage than beetles without diffraction gratings. No other comparisons between iridescent and 
noniridescent beetles of percent difference in R, G, or B values on foliage, leaf litter, or bark 
were significant (P (one-tail) > 0.05).  
2.3.3.2 Iridescence 
Most beetles measured had peak reflectance at 600-700 nm (orange to red color). For some 
species, reflectance data were not able to be measured by the spectrometer beyond a certain 
amount of rotation as the beetle moved out of view of the spectrometer, thus those data are not 
included. Intensities were normalized by dividing the experimental intensities by those from the 
control to better visualize shifts in peak intensity wavelength.  For the Serica, Phyllophaga, and 
Selenophorus pairs, the iridescent beetle species showed a greater shift in wavelength with peak 
intensity than the noniridescent beetle species (Figure 2.7A-F). The Stenolophus and 
Cafius/Philonthus pairs did not show a clear difference in shift (Figure 2.7G-J). The iridescent 
scarab beetles showed the greatest shifts and the Phyllophaga pair had the greatest difference 
between iridescent and non-iridescent species of beetle. Additionally, the shapes of the 
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reflectance spectra for all species were similar, with the exception of Phy. pronunculina (Figure 
2.7D). 
2.3.3.3 Linear polarization 
There was an increase in the DoLP at the edges of all beetles, both iridescent and noniridescent. 
The DoLP was near zero along most of the body; however, the DoLP nears 50% at the body 
margins and on other surfaces that were angled relative to the light source, such as the head, due 
to the inherent curvature of the structures (Figure 2.8). A similar pattern holds with the AoP; the 
greatest change in angle occurred on highly curved parts of the beetles.  
2.3.4 Quantification of friction effects 
Friction coefficient values tended to overlap with differing sliding speeds. Friction coefficients 
were higher on wetted filter paper than dry filter paper for every beetle species (Figure 2.9). The 
range of friction coefficients were shared between iridescent and noniridescent carabid and 
staphylinid beetles under both the wet and dry conditions. Friction coefficients did not overlap 
between iridescent and noniridescent scarab beetles; this was more pronounced with the wetted 
countersurface. The iridescent Ser. sericea had a greater friction coefficient than Ser. campestris, 
while the noniridescent Phy. pronunculina had a greater friction coefficient than Phy. rorulenta.  
 
2.4. Discussion 
2.4.1 Surface sculpturing 
SEM revealed that regularly and closely spaced, high aspect surface sculpturing acts as a 
diffraction grating in beetles, creating iridescence. The distances between repeated structures 
were similar to those found in the indigo snake (1-2.5 µm, Monroe and Monroe 1968) and the 
black-lip pearl oyster (3.38 µm, Liu et al. 1999). My findings agree with Anderson and 
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Richards’s (1942) initial description of diffraction gratings with a periodicity of 0.8 µm in Ser. 
sericea as well as Hinton and Gibbs’s (1969a, 1969b) descriptions of elongated striations 
creating diffraction in carabid and phalacrid beetles. 
Noniridescent beetles had variable, low aspect surface structures that did not diffract light 
well enough to create iridescence. The hexagonal structures found on noniridescent carabid and 
staphylinid beetles are common to most arthropod cuticle (Hinton and Gibbs 1969a). Elongation 
of these structures has been suggested as the origin of the fingerprint-like striations in iridescent 
beetles (Hinton and Gibbs 1969a), and my findings appear to support this hypothesis. 
The Phyllophaga pair did not exhibit the same pattern as other beetle species: the 
noniridescent Phy. pronunculina had regular structures spaced more closely than those of the 
iridescent Phy. rorulenta. However, the fringes that extend from the elytral surface of Phy. 
rorulenta have higher aspect ratios and are more closely spaced than the analogous fringes of 
Phy pronunculina. These features likely allow light to be better diffracted by Phy. rorulenta than 
Phy. pronunculina; however, additional investigations, such as cross sectional imaging could 
strengthen this argument. 
2.4.2 Wettability 
Differences in CAs between groups reflected both taxonomy and surface structures. Pairs with 
less wettable iridescent beetles fall into the Scarabaeidae, carabid beetles had no differences in 
wettability, and those with more wettable iridescent beetles are staphylinid beetles. Iridescent 
scarab beetles that are less wettable than their noniridescent relatives have diffracting structures 
with higher aspect ratios than the structures of noniridescent beetles. High aspect micro- and 
nanostructuring is known to increase CA and hydrophobicity on engineered and natural surfaces 
(Oh et al. 2017, Hu et al. 2011, Byun et al. 2009). Carabid beetle diffraction gratings are low 
22 
 
aspect ratio, thus the lack of significant differences in wettability is unsurprising. The wettability 
pattern seen in the Cafius/Philonthus pair of staphylinids is also reflected in surface structuring – 
while both beetles are covered in setae, the setae are more densely packed in the hydrophobic C. 
canescens than in the hydrophilic Phi. cyanipennis. It is important to note that cuticular 
chemistry also plays an important role in determining the overall wettability of insect surfaces. 
2.4.3 Optical properties 
2.4.3.1 Iridescence as a visual cue 
The color of beetle elytra or tergites differed between iridescent and noniridescent beetles only in 
red value when beetles were on foliage, with iridescent beetles having cuticle with a color that 
more closely matched the background than that of the noniridescent beetles. This might suggest 
that diffraction-grating induced iridescence acts as a mechanism for crypsis when on foliage, as 
in iridescence created by multilayer reflectors or three-dimensional photonic crystals (Seago et 
al. 2009). However, the lack of differences in most colors on most substrates does not strongly 
support this hypothesis. Additionally, with the exception of scarab beetles, most iridescent 
beetles examined do not occur on foliage, but rather substrates more similar in color to leaf litter 
or tree bark, such as fungus or soil (Arnett et al. 2002, Arnett and Thomas 2000, Hoffman 1936, 
Louisiana State Arthropod Museum). 
2.4.3.2 Quantification of iridescence 
Differences in iridescence (shift in wavelength of reflected light) were identifiable in three of the 
five pairs of beetles. These beetles represent the largest species (Phyllophaga and Serica pairs) 
and the species with the most apparent iridescence (Ser. sericea and Sel. opalinus). Smaller shifts 
can be seen in the spectra of some noniridescent beetle species, especially the larger scarab 
23 
 
beetles, suggesting that some diffraction that is not apparent to the naked eye might occur from 
the reduced surface sculpturing of these species.  
Due to limitations of the spectrometer, it is more difficult to measure light reflected from 
small samples, as the background reflectance is greater than that of the sample, especially as the 
angle of rotation increases beyond 15 degrees. Limitations of experimental design such as this 
are likely why greater spectral shifts were not identified in smaller iridescent species.  
2.4.3.3 Linear polarization 
Both iridescent and noniridescent beetle species showed low degree of linear polarization(DoLP) 
on the surfaces that were normal to the light source, including those that exhibit iridescence 
(elytra or abdominal tergites), thus diffraction gratings likely do not linearly polarize light or 
produce linear polarization cues that might be used by the beetles. The DoLP increases and the 
angle of polarization (AoP) forms a regular pattern near the edges of all species, most notably on 
the head. This is likely an artifact from the curvature or reflectance of these structures. Curved 
surfaces, such as the head or elytral margins, are angled relative to the light source; the resulting 
changes in the angle of light reflected from such surfaces changes the DoLP. Additionally, 
highly reflective surfaces show higher DoLP and more regularly patterned AoP than rough or 
nonreflective surfaces (Kupinski et al. 2019). This can be seen best in the Stenolophus pair which 
are highly reflective compared to other examined species (Figure 2.2). Stenolophus sp. beetles 
exhibit high DoLP values compared to other beetles (Figure 2.8). It is important to note, 
however, that circular polarization, known to be created by helical multilayer reflectors in some 
scarab beetles (Hodgkinson et al. 2010, Seago et al. 2009, Jewell et al. 2007, Goldstein 2006), 
was not examined and should be considered in future studies. 
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2.4.4 Friction effects 
Friction coefficients were higher for all beetle species when slid against a wetted countersurface 
than against a dry surface. This might be explained by the relationship between adhesion and 
friction: adhesive forces effectively increase friction effects (Yoshizawa et al. 1993). Friction 
coefficients did not overlap only between iridescent and noniridescent species of scarab beetles. 
The lack of shared friction coefficient values might be caused by a tradeoff between wetting and 
surface properties. The surface sculpturing of iridescent scarab beetles consists of high aspect 
ratio structures that might increase friction while decreasing wettability (Oh et al. 2017, Hu et al. 
2011, Byun et al. 2009). Noniridescent scarabs have some surface sculpturing, but have 
comparably flat elytral surfaces that are more easily wetted. Interestingly, the same pattern is not 
found in both pairs of examined scarab beetle species: the iridescent Ser. sericea had a higher 
friction coefficient than its noniridescent counterpart, while the noniridescent Phy. pronunculina 
had a higher friction coefficient than the iridescent Phy. rorulenta. This might be explained by 
which property, wettability or surface architecture, has the greatest effect on each pair. Although 
Ser. sericea is less wettable than Ser. campestris, it has a much more featured surface with 
protruding tab-like structures that could increase friction forces. The opposite might be true for 
the Phyllophaga pair; both species of Phyllophaga beetle have hair-like projections, although 
reduced in the noniridescent Phy. pronunculina, but these projections tend to lie flat against the 
elytral surface, allowing wettability to determine the major friction interactions between the 
beetles and countersurfaces. Similarly, the surface sculpturing on iridescent carabid beetles does 
not increase roughness or significantly affect wettability, thus friction coefficients did not differ 
between iridescent and noniridescent carabid beetle species. 
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 While evidence to support the hypothesis that diffraction gratings reduce friction and 
allow burrowing organisms to more easily move through damp or colloidal substrates was not 
found, this study can act as a stepping stool for future work to continue examining the adaptive 
role of diffraction gratings in burrowing animals. The use of countersurfaces that these beetles 
might encounter in nature, such as soil or fungus, is recommended for future studies. Behavioral 
studies of these beetles moving through various substrates could also shed light on how 
diffraction gratings might assist in burrowing. It is also possible that increasing friction, such as 
with Ser. sericea might allow the beetles to engage in a burrowing style similar to wedge-
pushing in carabids, so that diffraction gratings, whether increasing or reducing friction, allow 
burrowing beetles to move more easily through various substrates. 
2.4.5 Adaptive roles of diffraction gratings in Coleoptera 
2.4.5.1 Diffraction gratings in the Scarabaeidae 
In scarab beetles, diffraction gratings tend to consist of regularly spaced rows of protruding tab- 
or hair-like extensions of the cuticle. These high-aspect structures allow for properties such as 
wettability and friction coefficients to be modified in scarab beetles with diffraction gratings 
(Table 2.3). The ability for scarab beetles with diffraction gratings to shed water could be 
advantageous; adult scarabs are often found on foliage or burrowing through soil (Arnett et al. 
2002, Hoffman 1936), both environments that could expose them to moisture. Both examined 
genera of scarabs had modified friction interactions: the iridescent Ser. sericea had greater 
friction coefficients than the noniridescent Ser. campestris, but the iridescent Phy. rorulenta had 
lower friction coefficients than the noniridescent Phy. pronunculina. As previously discussed, 
this discrepancy might result from the interplay of friction and wettability effects that arise from 
the roughened surfaces of iridescent scarab beetles. While the effects on friction interactions 
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differ between these genera, evidence supports that the adaptive role of diffraction gratings in the 
Scarabaeidae is likely increased hydrophobicity and altered friction interactions that allow 
burrowing scarabs to more easily move through various substrates. 
2.4.5.2 Diffraction gratings in the Carabidae 
Regularly spaced grooves running perpendicular to the body axis act as diffraction gratings in 
carabid beetles. The lack of high-aspect cuticular structures on the surface of carabid elytra 
results in no differences in friction or wettability effects. Additionally, no differences in the 
ability to create cryptic coloration or linearly polarize light were found between carabids with 
and without diffraction gratings (Table 2.3); therefore, the role of diffraction gratings in carabid 
beetles is still unknown. However, the diffraction grating in Sel. opalinus appears to be a blazed 
grating; blazed gratings have been previously described in burrowing carabids and crustaceans 
(Crowson 1981, Schmalfuss 1978), therefore diffraction gratings might still play a role in 
allowing burrowing carabids to more easily move or push themselves (perhaps via wedge-
pushing behaviors, Seago et al. 2009) through substrates. 
2.4.5.3 Diffraction gratings in the Staphylinidae 
Similar to the Carabidae, the role of diffraction gratings in staphylinid beetles remains unclear. 
No differences were found between the iridescent Phi. cyanipennis and the noniridescent C. 
canescens in ability to polarize light, friction effects, or abdominal color (Table 2.3). Differences 
in wetting were found between these species; however, wettability in staphylinids is likely 
determined by the high-aspect setae found across the surface of tergites rather than the 
diffracting grooves, which are low-aspect and similar to those found in carabids. Additional 
phylogenetically independent contrasting pairs of staphylinid beetles should be examined in 
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future studies to provide a better picture of the phenomenon of diffraction-grating induced 
iridescence in the Staphylinidae. 
2.4.5.4 Variable diffraction gratings in Coleoptera 
Diffraction gratings in Coleoptera are a result of regularly spaced structures that vary widely 
between different families of beetles. While these differing structures ultimately create the same 
iridescent effect, the roles of diffraction gratings appear to vary similarly between families. The 
best way to approach the search for the adaptive role of diffraction gratings in beetles might be to 
examine each family independently. Differences in microhabitats and structures that diffract light 
might signify differences in selective pressures that allowed these gratings to arise. Future 
studies should examine additional species and families of beetles with diffraction gratings and 
include those that inhabit different microhabitats. 
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FIGURES AND TABLES 
 
 
 
Figure 1.1. Schematic of a droplet on a rough surface in the Cassie-Baxter state where air 
pockets between structures and under the droplet keep the surface from completely wetting. 
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Figure 1.2. Locations for contact angle measurements on the wings of flies. 
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Table 1.2. Advancing (CAAdv) and receding (CARec) contact angles (CAs) on the wings of 
various flies. Reported as mean±standard error of the mean, averaged from all locations and 
individuals. CA values in bold indicate superhydrophobicity. Letters indicate significant 
differences (α = 0.05) from ANOVA with Tukey post-hoc test. 
Species n CAAdv CARec Post-hoc 
Aedes aegypti 10 151.22±0.94° 149.02±1.10° A 
Mydas sp. 5 92.22±3.84° 84.22±4.30° C 
Apiocera aldrichi 5 119.34±5.90° 109.51±6.03° B 
Toxomerus politus 5 144.89±2.32° 143.60±2.46° A 
Musca domestica 10 151.10±1.00° 149.95±1.00° A 
Sarcophaga bullata 10 150.67±1.30° 148.22±1.32° A 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Average advancing (Adv) and receding (Rec) contact angles (CA) on the wings of 
various flies. Areas shaded in red are superhydrophobic (CA ≥ 150°) and areas in blue are 
hydrophilic (CA ≤ 90°).  Error bars represent standard error of the mean. Letters indicate 
significant differences (α = 0.05) from ANOVA with Tukey post-hoc test. 
 
 
31 
 
 
 
Figure 1.4. Microdroplets (left) and scanning electron microscopy (SEM) images (right) on the 
wings of (A) Aedes aegypti, (B) Mydas sp., (C) Apiocera aldrichi, (D) Toxomerus politus, (E) 
Musca domestica, and (F) Sarcophaga bullata. 
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Figure 1.5. Water droplet (100 µm diameter) on generalized surface features of 
superhydrophobic fly wings. Sparse nanopillars and nanofeatured microtrichia are found on the 
wings of flies with large contact angles (~150°).
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Table 1.3. Average microtrichia and nanopillar sizes and distribution on the wings of flies 
Species 
Microtrichia 
density (/µm
2
) 
Nanopillar 
density (/µm
2
) 
Microtrichia 
width (nm) 
Microtrichia 
length (µm) 
Microtrichia ridge 
width (nm) 
Nanopillar width 
(nm) 
Aedes aegypti 0.023 7 327 7.85 116 78 
Mydas sp. - - - - - - 
Apiocera aldrichi - 31 - - - 133 
Toxomerus politus 0.0025 4 785 18.3 138 63 
Musca domestica 0.008 6.5 888 16.85 375 150 
Sarcophaga bullata 0.002 6.3 885 25.2 250 190 
 
 
 
 
 
 
 
Figure 1.6. There is a negative relationship between microtrichia width (A) and length (B) and the density of microtrichia on the 
wings of flies. 
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Figure 1.7. Relationships between contact angle and microtrichia width (A), nanopillar width (B), microtrichia length (C), and 
microtrichia nanoridge width (D).
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Figure 2.1. Habitats of carabid, scarabaeid, and staphylinid beetles examined in this study.  The 
iridescent Stenolophus anceps is found in wet environments, including damp meadows; the 
noniridescent St. comma is found in fields and grassy areas (Arnett and Thomas 2000). 
Phyllophaga spp. emerge from the soil as adults and can be found on the leaves of plants (Arnett 
et al. 2002). The iridescent Philonthus cyanipennis frequent many moist substrates including leaf 
litter, dung, carrion, and fungi (Arnett and Thomas 2000), while the noniridescent Cafius 
canescens is found in coastal wrack (Orth and Moore 1980). The iridescent Selenophorus 
opalinus inhabits leaf litter (Louisiana State Arthropod Museum) and the noniridescent Sel. 
ellipticus is found on sandy soil (Arnett and Thomas 2000). Serica spp. also inhabit soil as larvae 
and feed on the leaves of trees as adults (Arnett et al. 2002), but the iridescent Ser. sericea is 
known to temporarily burrow into soil as adults (Hoffman 1936). 
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Figure 2.2. Photomicroscopy images of examined phylogenetically contrasting pairs of beetles: 
Serica sericea* (A) and Ser. campestris (B) (Scarabaeidae), Phyllophaga rorulenta* (C) and 
Phy. pronunculina (D) (Scarabaeidae), Selenophorus opalinus* (E) and Sel. ellipticus (F) 
(Carabidae), Stenolophus anceps* (G) and Ste. comma (H) (Carabidae), and Philonthus 
cyanipennis* (I) and Cafius canescens (J) (Staphylinidae). Asterisks denote species with 
iridescence, all found in the left column. 
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Figure 2.3. Photographs of beetles on each background (A) were cropped into images of only 
the background (B) and only the iridescent beetle structure (C) for subsequent color 
quantification. 
 
 
 
 
 
 
Figure 2.4. Setup for quantifying iridescence of each beetle. A spectrometer measures the 
intensity of reflected light at each wavelength while the beetle is rotated on a motorized stage. 
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Figure 2.5. Scanning electron micrographs of the dorsal surfaces of elytra (A-H, 5000X) or 
abdominal tergites (I-J, 1000X) of phylogenetically contrasting pairs of beetles with iridescence 
(left column, Serica sericea (A), Phyllophaga rorulenta (C), Selenophorus ellipticus (E), 
Stenolophus anceps (G), and Philonthus cyanipennis (I)) or without iridescence (right column, 
Ser. campestris (B), Phy. campestris (D), Sel. ellipticus (F), Ste. comma (H), Cafius canescens 
(J)). 
39 
 
 
 
 
 
Table 2.1. Surface sculpturing on the elytra or tergites of closely related iridescent (*) and 
noniridescent beetles. Periodicity, or regular spacing, of surface features reported as 
mean±standard error of the mean. 
Species Surface features 
Structure 
periodicity 
(μm) 
Serica sericea* Periodic rows of high-aspect ratio, tab-like projections 0.74±0.06 
Serica campestris Periodic low aspect striations 4.76±0.48 
   Phyllophaga rorulenta* Periodic rows of long, hair-like projections 4.42±0.27 
Phyllophaga pronunculina Periodic rows of shorter, variable projections 3.57±0.12 
   Selenophorus opalinus* Periodic grooves with angled plateaus between rows 0.63±0.06 
Selenophorus ellipticus Low-aspect hexagonal shapes 6.93±1.34 
   Stenolophus anceps* Periodic grooves with small bumps across cuticle 1.66±0.14 
Stenolophus comma Loosely formed hexagonal shapes 6.07±1.23 
   Philonthus cyanipennis* Ridged hairs on cuticle with periodic grooves 2.16±0.31 
Cafius canescens Ridged hairs on cuticle with hexagonal shapes 7.07±0.33 
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Figure 2.6. Scanning electron images and illustrations of elytral cross sections of Serica sericea 
(iridescent, A, B), Ser. campestris (C, D), Selenophorus opalinus (iridescent, E, F), and Sel. 
ellipticus (G, H).  Scanning electron micrographs and drawings for Ser. campestris and Sel. 
ellipticus are not direct side angle views, but also show some of the top-down topography of the 
cuticle. 
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Table 2.2.  Average advancing (Adv) and receding (Rec) contact angles (CAs) and contact 
angle hysteresis (CAH) on scarab, carabid, and staphylinid beetle structures with(*) and 
without diffraction gratings. Species and CAs in bold shed water more easily (are more 
hydrophobic) than their close relative. 
Family Species  Adv CA (°)  Rec CA (°) CAH 
Scarabaeidae Serica sericea* 115.09 105.60 9.49 
Scarabaeidae Serica campestris 99.69 93.29 6.40 
 
Scarabaeidae Phyllophaga rorulenta* 109.25 99.82 9.43 
Scarabaeidae Phyllophaga pronunculina 93.55 79.61 13.94 
 
Carabidae Stenolophus anceps* 94.63 87.79 6.84 
Carabidae Stenolophus comma 98.14 93.58 4.56 
 
Staphylinidae Philonthus cyanipennis* 73.78 62.94 10.84 
Staphylinidae Cafius canescens 102.97 99.06 3.91 
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Figure 2.7. Shift in reflectance spectra from rotated iridescent and non-iridescent beetles: Serica 
sericea (iridescent, A), Ser. campestris (B), Phyllophaga rorulenta (iridescent, C), Phy. 
pronunculina (D), Selenophorus opalinus (iridescent, E), Sel. ellipticus (F), Stenolophus anceps 
(iridescent, G), Ste. comma (H), Philonthus cyanipennis (iridescent, I), and Cafius canescens (J).  
Intensities were normalized with control data.  
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Figure 2.8. Intensity of light (left), angle of polarization (AoP) (middle) and degree of linear 
polarization (DoLP) (right) for Serica sericea (A), Ser. campestris (B), Phyllophaga rorulenta 
(C), Phy. pronunculina (D), Selenophorus opalinus (E), Sel. ellipticus (F), Stenolophus anceps 
(G), Ste. comma (H), Philonthus cyanipennis (I), and Cafius canescens (J). 
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Figure 2.9.  Friction data for iridescent (blue) and noniridescent (red) beetles slid against wet or 
dry filter paper at three speeds. The slope of friction force over normal force (A) is the friction 
coefficient (B).
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Table 2.3. Summary of how well the examined hypotheses explain the role of diffraction gratings in 
Coleoptera: were there differences between iridescent(*) and noniridescent beetles in color on various 
substrates, ability to linearly polarize light, water-shedding, or friction interactions?  Dagger (†) denotes 
wettability differences only in advancing or receding contact angles. 
Family Species Camouflage Polarization Wettability Friction effects 
Scarabaeidae Serica sericea* 
No No Yes† Yes 
Scarabaeidae Serica campestris 
    
  
Scarabaeidae Phyllophaga rorulenta* 
No No Yes† Yes 
Scarabaeidae Phyllophaga pronunculina 
  
    
Carabidae Selenophorus opalinus* 
No No No No 
Carabidae Selenophorus ellipticus 
  
    
Carabidae Stenolophus anceps* 
No No No No 
Carabidae Stenolophus comma 
  
    
Staphylinidae Philonthus cyanipennis* 
No No Yes No 
Staphylinidae Cafius canescens 
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